Background and Rationale: Infantile spasms (IS) are an age-specific seizure disorder occurring in 1:2,000 infants and associated with mental retardation in F90% of affected individuals. The costs of IS in terms of loss of lifetime productivity and emotional and financial burdens on families are enormous. It is generally agreed that the seizures associated with IS respond poorly to most conventional anticonvulsants. In addition, in the majority of patients, a treatment course with high-dose corticotropin (ACTH) arrests the seizures completely within days, often without recurrence on discontinuation of the hormone. However, the severe side effects of ACTH require development of better treatments for IS. Based on the rapid, all-or-none and irreversible effects of ACTH and on the established physiological actions of this hormone, it was hypothesized that ACTH eliminated IS via an established neuroendocrine feedback mechanism involving suppression of the age-specific endogenous convulsant neuropeptide corticotropin-releasing hormone (CRH). Indeed, IS typically occur in the setting of injury or insult that activate the CNS stress system, of which CRH is a major component. CRH levels may be elevated in the IS brain, and the neuropeptide is known to cause seizures in infant rats, as well as neuronal death in brain regions involved in learning and memory. If 'excess' CRH is involved in the pathogenesis of IS, then blocking CRH receptors should eliminate both seizures and the excitotoxicity of CRH-receptor-rich neurons subserving learning and memory. Patients and Methods: With FDA approval, ·-helical CRH, a competitive antagonist of the peptide, was given as a phase I trial to 6 infants with IS who have either failed conventional treatment or who have suffered a recurrence. The study was performed at the Clinical Research Center of the Childrens Hospital, Los Angeles. The effects of ·-helical CRH on autonomic parameters (blood pressure, pulse, temperature, respiration) were determined. In addition, immediate and short-term effects on ACTH and cortisol and on electrolytes and glucose were examined. The potential efficacy of ·-helical CRH for IS was studied, using clinical diaries and video EEG. Results: ·-Helical CRH, a peptide, did not alter autonomic or biochemical parameters. Blocking peripheral CRH receptors was evident from a transient reduction in plasma ACTH and cortisol. No evi-282 Dev Neurosci 1999;21:281-289 Baram/Mitchell/Brunson/Haden dence for the compound's penetration of the blood-brain barrier was found, since no central effects on arousal, activity or seizures and EEG patterns were observed. In addition, a striking resistance of the patients' plasma ACTH to the second infusion of ·-helical CRH was noted. Conclusions: Peptide analogs of CRH do not cross the blood-brain barrier, and their effects on peripheral stress hormones are transient and benign. Nonpeptide compouds that reach CNS receptors are required to test the hypothesis that blocking CRH receptors may ameliorate IS and its cognitive consequencs.
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Introduction

Infantile Spasms
Infantile spasms (IS) are a seizure disorder restricted primarily to the first year of life [1, 2] . It is relatively common, occurring in 1:2,000-2,400 births, and has been known to respond to corticotropin (ACTH) since 1958 [3] . Although ACTH eliminates the seizures in the large majority of cases, it may not alter the long-term intellectual deficits of affected infants: IS are associated with moderate to severe mental retardation in 85-95% of patients [1, 2] . Infants with IS have evidence of highly abnormal neuronal activity, reflected by a chaotic EEG pattern called hypsarrhythmia. It is generally considered that this ongoing abnormal neuronal activity may contribute to the poor cognitive outcome of IS. Therefore, the optimal, effective treatment of IS should eliminate the seizures, suppress the hypsarrhythmia and improve cognitive outcome.
Although the response to ACTH is generally recognized, the mechanisms of action of ACTH are entirely unknown. The response pattern is not consistent with a conventional anticonvulsant effect: In responders, the seizures completely disappear ('all-or-none'), with a median response time of 2 days [2, 4] . In addition, after a course of 2-4 weeks, discontinuation of ACTH generally does not result in recurrence of the spasms [1] [2] [3] [4] . This response pattern suggests that ACTH may act via a neuroendocrine mechanism consistent with this hormone's established effects: a negative feed-back action on corticotropinreleasing hormone (CRH), as is illustrated in figure 1 . CRH is a stress neurohormone that is up-regulated by a variety of stress signals [5] [6] [7] [8] [9] (see below). It has been proposed that the common denominator for the large number of prenatal or perinatal insults predisposing to IS involves perturbation of normal neuronal environment (i.e. they The stress-activated neuroendocrine CRH-ACTH-glucocorticoid axis. Stress-conveying signals rapidly activate immediate early genes in CRH-expressing neurons of the central nucleus of the amygdala (ACe) and in the hypothalamic paraventricular nucleus (PVN). Concurrent rapid CRH release from terminals of PVN neurons into the hypothalamic-pituitary-portal system induces ACTH and glucocorticoid (cortisol) secretion from the pituitary and adrenal, respectively. Glucocorticoids exert a negative feedback on the PVN (directly and via the hippocampus), yet activate CRH gene expression in the amygdala, potentially promoting further CRH release in this region. Continuous and dashed arrows denote established or putative potentiating and inhibitory actions, respectively. Arrows do not imply monosynaptic connections.
are 'stressful', activating the CNS stress response) during a critical neurodevelopmental period [2] .
The Developmental Neurobiology of CRH CRH is a neuropeptide with both neuroendocrine and neurotransmitter properties [5] [6] [7] [8] [9] [10] [11] [12] . The peptide, isolated originally from the hypothalamus [5] , is the primary modulator of the release of ACTH from the pituitary in response to stress [5, 6] (fig. 1 ). Activation of CRH-producing neurons is seen with physiological types of stress (immobilization, hypothermia, hemorrhage), as well as with 'emotional' stress stimuli such as social defeat or fear. CRH functions as a neurotransmitter in a number of limbic and autonomic brain circuits [10] [11] [12] [13] . Both the peptide [14, 15] and CRH receptors [16] [17] [18] [19] [20] are widely but specifically distributed in the CNS. For example, in human brain, CRH is found in cortical interneurons of layers II and III while receptors predominate in layers I and IV [21, 22] . Abnormal CRH levels in the brain and spinal fluid, and of CRH receptors in the cortex, have been demonstrated in Alzheimer disease [22] , and abnormal CRH activity has been implicated in anxiety, depression and epilepsy [2, [23] [24] [25] .
CRH-producing neurons in the hypothalamus [6, 26] , amygdala [27, 28] and hippocampus [29] release the peptide, which acts on postsynaptic target neurons possessing CRH receptors. Two members (and several splice variants) of the CRH receptor family are currently known and consist of membrane-spanning G-protein-coupled molecules [17] [18] [19] . The first discovered receptor, CRF 1 , is found in the CNS, immune cells and the pituitary, and is thus the candidate mediator of the endocrine effects of CRH. This receptor type has recently been shown to mediate the excitatory effects of CRH [30] .
During development, the synthesis and levels of both CRH and CRF 1 are tightly regulated. CRH gene expression commences during late gestation in the rat [31, 32] , and CRH messenger RNA (mRNA) levels remain high until the day prior to birth. During the neonatal and infancy periods in the rat (the first and second weeks of life, respectively), however, CRH gene expression is low, and robust synthesis resumes during a period equivalent to early childhood in the human [33] . Receptor levels and CRF 1 RNA abundance display a different developmental profile [20, 34] . In the brain as a whole, and particularly in excitable limbic regions such as the hippocampus and amygdala, both CRF 1 mRNA levels and available binding sites for CRH are maximal during infancy [20, 34, 35] . Interestingly, no such developmental profile has been found for the second CRH receptor (CRF 2 ) whose activation does not promote neuronal excitability [36] . It also has been demonstrated that stress during infancy (but not neonatally) increases CRH synthesis [8, 9, 26] . Therefore, insults or stressors during that developmental period, leading to increased CRH production, could lead to activation of the large numbers of unoccupied CRF 1 receptors and consequent enhancement of neuronal excitability along key limbic circuits.
CRH Excess Hypothesis -Animal and Human
Evidence CRH has been shown to act as a convulsant [37] [38] [39] and an excitotoxin [40, 41] in the infant brain. Thus, it has been proposed that stress-induced enhancement of CRH-mediated neurotransmission would result in seizures and worsening cognitive deficits associated with IS [2, 25, 38] . The efficacy of ACTH has been attributed to its suppression of the synthesis or secretion of CRH in key limbic regions [2] . Indeed, CRH was found to be an agespecific convulsant with a 200-fold greater potency in the infant rat as compared to the adult [37, 38] . As mentioned above, CRH receptors and CRF 1 mRNA were found to peak during infancy in limbic regions of the rat [20, 34] , and stressful signals such as hypothermia have been shown to increase CRH synthesis in the infant rat [8, 9, 26] . Further, repeated administration of CRH, inducing prolonged seizures, was found to result in the death of neurons in limbic brain regions subserving learning and memory, in immature, but not in adult brain [40, 41] .
In the human, cerebrospinal fluid analysis of untreated infants with IS revealed abnormally low ACTH and cortisol levels [42, 43] , consistent with a down-regulation of CRH receptors due to excess brain levels of CRH [44] . The hypothetical basis for IS may involve a stressenhanced availability of CRH at the receptors during the developmental period when receptors are present in large numbers in the brain. ACTH would be effective because it decreases CRH synthesis long enough for the CRH receptor number to decrease, according to their established developmental profile [20] . If IS result from increased neurotransmission of CRH at its receptors, then receptor antagonists [30, 45] should block the seizures, as well as potential adverse cognitive effects of the peptide. Therefore, these compounds are candidate drugs for the effective treatment of IS.
Animal and Human Studies of CRH Antagonists
Most available information regarding toxicity, side effects and effective doses of peptide CRH receptor blockers is based on animal experiments and on predicted potential effects of blocking the functions of CRH. The doses used in animals and the side effects found are summarized in tables 1 and 2. Essentially, the studies of Brown et al. [46] , Corder et al. [48] and Lyons et al. [50] documented the lack of adverse autonomic effects of ·-helical CRH using continuous monitoring of heart rate (HR) and mean arterial pressure even by the maximal antagonist doses used. In addition, Lyons et al. [50] documented that 1,000 Ìg/kg of antagonist given directly into the cerebral ventricles did not alter plasma glucose (124 B 6 vs. 120 B 6 mg/dl in controls). Thus, in the rodent, ·-helical CRH did not alter blood pressure (BP) or HR in doses up to 500 Ìg/kg i.c.v. or 250 Ìg/kg i.v. While the antagonist did not prevent changes in BP or HR induced by stress, it effectively blocked hypotension caused by CRH itself [48] . In the monkey, CRH antagonists, given intracerebroventricularly, reduced 'anxiety'-like behaviors and had no autonomic effects [49] . Thus, CRH receptor blockers given once were essentially free of side effects in animals.
Rivier et al. [45] MAP, mm Hg A single, human study approved by the Food and Drug Agency (FDA) has been reported, looking at the hormonal, autonomic and neurological effects of ·-helical CRH in normal young adults [51] . In that study, 6 volunteers received 2 intravenous infusions of ·-helical CRH during 2 consecutive days, 50 Ìg/kg on the first day and 100 Ìg/ kg on the second. Neither adverse effects nor any influences on CNS were found. Transient hormonal alterations consistent with blocking of CRH receptors in the pituitary were observed [51] .
In summary, a rationale for using CRH antagonists in human infants affected with infantile spasms has been established. Here we report on the administration of peptide CRH inhibitors to 6 human infants with IS.
Materials and Methods
Agent ·-Helical CRH (9-41) was synthesized according to Good Manufacturing Procedures by Bachem (Torrance, Calif., USA). The final product underwent rigorous quality assurance and purity analyses, received an IND from the FDA and was provided in a sterile and pyrogen-free preparation [51] . After dilution, the peptide was stored frozen in premeasured aliquots and thawed (once only) immediately prior to administration.
Bioavailability and Potency Tests
The bioavailability and potency of each peptide batch was verified after infusion to the experimental subjects using a bioassay approach: Leftover diluted compound remaining in the infusion bags was refrozen, lyophilized and reconstituted. It was then administered to rats 30 min prior to infusion of CRH. The ability of known amounts of antagonist to prevent CRH-induced seizures was documented. Residual potency of the preparation averaged 30-60%.
Experimental Design
A phase I study was approved by the FDA (IND 45969) and by the Institutional Review Board of the Childrens Hospital, Los Angeles. The subjects were 6 infants who had failed previous therapy or who have had a recurrence of their IS. Subject characteristics are summarized in table 3.
The total duration of the study was 4 days. On the morning of the first day, infants were admitted to the clinical research center, an intravenous line was inserted and video EEG initiated to obtain baseline EEG and seizure counts, in addition to those supplied by the parents. On day 2 (7 a.m.) plasma ACTH, cortisol, glucose and elec- trolytes were sampled through the intravenous line, to obviate the stress response to venipuncture. The CRH antagonist was administered at a dose of 50 Ìg/kg i.v. in 5% glucose in 0.25 N saline (50 Ìg/ ml). The solution was infused at a rate of 1 ml/kg over 2 h. Vital signs were monitored as described below. On termination of the infusion and 12 h later, plasma was sampled for hormonal and biochemical analysis. On day 3, plasma was again sampled, followed by an infusion of 100 Ìg/kg of ·-helical CRH (9-41) in a volume of 2 ml/kg over 2 h. During and subsequent to the infusion, vital signs and biochemical/hormonal parameters were monitored as described for day 2. On day 4, video EEG was continued, to monitor potential changes in EEG pattern and seizure frequency. In order to distinguish between decreases in plasma ACTH and cortisol due to blocking of CRH receptors in the pituitary and between potential declines due to the circadian rhythm of these hormones, plasma samples were obtained at 7 and 9 a.m. also on day 4, when no CRH antagonist was given. Subjects were discharged from the clinical research center on the evening of day 4.
Parameters Monitored
Autonomic parameters included BP and HR, which were monitored prior to infusion onset and continuously throughout it. Values were recorded at 15-min intervals, at the end of the infusion and hourly for the subsequent 12 h. Core (rectal, oral or otic) temperature was measured prior to the infusion, at 15-min intervals during the infusion and hourly thereafter for the subsequent 12 h. Biochemical parameters, i.e. plasma electrolytes, glucose, cortisol and ACTH, were obtained prior to infusion and at its end. All values were also obtained in the evening (nadir) and at two time points, 2 h apart, on the morning of day 4.
Hormone Assays
Plasma hormone levels were analyzed using commercial radioimmunoassays (Endocrine Sciences, Calabasas Hills, Calif., USA). The sensitivity of the ACTH assay was 5 pg/ml and that of the cortisol assay 1 Ìg/dl. Some samples were subjected to repeat assays, and interassay variability averaged 8%.
Potential adverse effects of the CRH antagonist were considered. These included temperature drop (or surge), drop of BP and increases in HR. Hydrocortisone (intravenous preparation, 20 mg/ m 2 ) was prepared by the bedside, as well as 10% glucose solution, to be administered as appropriate.
Analysis
Outcome criteria for this study were mainly adverse effects of ·-helical CRH. However, to avoid missing potential therapeutic effects of the antagonist, continuous video EEG was carried out. The potential for a rapid (2-day) response time was based on the fact that the median response time of IS to ACTH is 2 days [4] . Thus, on theoretical grounds, efficacy of the CRH antagonist could be expected. The significance of differences between groups was determined using the two-tailed paired Wilcoxon signed-rank test without assumptions regarding value distribution.
Results
Patient Characteristics
The characteristics of the 6 infants participating in the current study are described in table 3. Briefly, 3 males and 3 females were aged 22.6 B 3.4 months at the time of entry into the study. All had had IS and hypsarrhythmia was present at some point in their course. At study entry, EEGs were characterized as described in table 3 (1 classic and 2 modified hypsarrhythmias, 2 multifocal spikes and 2 unavailable). Four had received ACTH previously, and 3 had responded with subsequent recrudescence of spasms. Etiologies were available in 1 patient only, but 4 others were developmentally delayed.
Hormonal Changes Induced by the CRH Antagonist
The effects of ·-helical CRH administration on plasma ACTH and cortisol are shown in figures 2 and 3, which represent individual values immediately prior to and at the end of each 2-hour infusion. Prior to the first infusion, ACTH levels averaged 26.8 B 7.7 pg/ml; mean plasma ACTH 2 h later, at the end of the first CRH antagonist infusion, was 17.4 B 3.2 pg/ml. Cortisol levels at the end of the first infusion averaged 12.4 B 2 Ìg/dl, compared with 19.0 B 5 Ìg/dl at its onset (p ! 0.05). These results Fig. 2 . Plasma ACTH levels in 6 infants treated with ·-helical CRH. Plasma samples were drawn from an existing intravenous line, minimizing stress to the infants. Pre1 and pre2 indicate levels prior to the first and second CRH antagonist infusions, respectively. Post1 and post2 show values after the infusions. While the expected reduction of ACTH plasma levels upon blocking of CRH receptors in the pituitary is evident after the first infusion, this reduction is absent after the second CRH antagonist administration. Following the second infusion, plasma ACTH levels are actually significantly higher (p = 0.03, paired t test). Fig. 3 . Plasma cortisol levels in 6 infants treated with ·-helical CRH. Plasma samples were drawn from an existing intravenous line, minimizing stress to the infants. Pre1 and pre2 indicate levels prior to the first and second CRH antagonist infusion, respectively. Post1 and post2 show values after the infusions.
indicate that the first ·-helical CRH infusion resulted in decreased hypothalamic-pituitary-adrenal (HPA) plasma hormone levels in the infants.
The second infusion of the CRH antagonist, however, caused strikingly different results: ACTH levels were 14.9 B 3.8 pg/ml prior to the infusion and 26.5 B 6 pg/ml at its termination. These values suggest a significant increase in ACTH (p = 0.03, paired t test), indicating a resistance to the effect of the antagonist. Cortisol levels decreased modestly, from 22.2 B 3 to 13.0 B 3 Ìg/dl. These data are consistent with inhibition of ACTH secretion via blocking of pituitary CRH receptors by ·-helical CRH during the first infusion, as has been demonstrated in adults, and a resistance to the effects of the second antagonist infusion in these infants.
In order to distinguish between an effect of the antagonist on CRH receptors and the diurnal decline in plasma ACTH seen normally in the morning hours, plasma ACTH and cortisol levels were also measured on the morning of day 4, when no antagonist was infused. ACTH levels measured at 7.30 a.m. averaged 24.8 B 6 pg/ml, highly similar to values obtained on each of the previous mornings, and validating the relative lack of stress associated with plasma drawing from the intravenous line. Two hours later (with no antagonist infusion), values for ACTH were 23.2 B 6 pg/ml, not significantly different (p = 0.19. Wilcoxon signed-rank sum). Corresponding cortisol levels were 14.2 B 3 and 11.7 B 2 Ìg/dl (p 1 0.1 from preinfusion levels). Therefore, it was concluded that the infusion of ·-helical CRH was responsible for the hormonal changes observed after the first infusion.
Effect of CRH Antagonist on Autonomic Parameters
Before, during and after the infusions of ·-helical CRH, the 'subjects' autonomic and physiological parameters, including BP, HR and temperature, were measured. As found previously for adults, values during and after infusion of the CRH antagonist did not differ significantly from those obtained prior to onset of the infusion, nor were any trends evident (not shown). In addition, little consistent effect of the infusion on infants' behavior, sleep and feeding was noted, with one exception (see below).
Effect of ·-Helical CRH on IS
The number of both individual seizures and of the number of clusters in the patients revealed remarkable daily variability. For each patient, the average daily cluster number, determined from parent diaries and from the observation on the first day of the study, fluctuated widely. No significant changes in daily cluster number during or following CRH antagonist infusions were noted in 5 of the 6 infants. A single infant had complete cessation of clusters (with increased sleep) during the hospitalization and for several days later.
Discussion
The major findings of this study were: (1) ·-helical CRH given intravenously blocked peripheral CRH receptors transiently; (2) 12 infusions of the agent to infants did not reveal adverse effects; (3) a resistance to the hormonal effects of the CRH antagonist emerged in IS infants; (4) transient blocking of peripheral CRH receptors does not alter EEG or seizure parameters in IS.
The hormonal changes observed in this study are concordant with those found in adults subjected to the same regimen of ·-helical CRH [51] : When the agent was administered to 6 normal adults, no toxicity was observed at doses of 50 and 100 Ìg/kg, given intravenously over 2 h -the regimen used here. Selective cognitive, motor and cerebellar measures examined in these subjects were not affected. In addition, the subjects did not report any subjective feelings which might be related to central effects of the CRH antagonist.
The lack of CNS effects in both infants and adults cannot be due to loss of potency or bioavailability. In both groups, ·-helical CRH reduced ACTH and cortisol levels, suggesting that it was bioactive under the administration conditions. In addition, the residual agent in the infusion bags was tested in immature rats that were given CRH to produce characteristic seizures. Using this bioassay -in which the antagonist was infused directly into the cerebral ventricles -the residual CRH antagonist retained 30-60% of its potency. This is quite striking considering that the peptide was at room temperature for the duration of the infusions, was exposed to large bag and tubing surface areas that promote adherence and subsequently underwent a lyophilization step. Thus, although peptidases are always a concern in the intravenous administration of peptides, these results suggest that the ·-helical CRH was bioavailable and reached peripheral CRH receptors. It may be noted that the antagonist comprises only a fragment (amino acids 9-41) of the native CRH, and is expected to form a rigid, ·-helix three-dimensional structure [45] that may protect it from enzymatic degradation [45, 47] .
The findings that the peptide CRH antagonist failed to penetrate not only the normal adult blood-brain barrier (BBB) but also that of infants with IS is remarkable. This finding is consistent with a significant maturity of the BBB at the ages studied and also challenges theories postulating that IS may be associated with an inflammatory process, as the latter would be expected to alter BBB permeability. A similar lack of BBB penetration of peptide CRH antagonists was observed also in the 'infant' rat [30, 52] .
An unanticipated finding of this study was the emergence of resistance to the second infusion of ·-helical CRH. In a previous study in normal adults, the second administration of the antagonists suppressed ACTH levels to the same extent as the first [51] . However, in the current study of infants with IS, the second infusion not only failed to decrease, but resulted in elevation of plasma ACTH levels. This is unlikely to be a spurious effect of -for examplestress, since it was observed neither during the first administration nor during the last study day, when no infusion was given. Other procedures were similar throughout these 3 days. In addition, the antagonist was aliquoted prior to the study, and a fresh batch was thawed each morning. Infants were not studied concurrently so that a common, undetected storage or administration problem can be excluded. Also, the bioassay activity of all tested batches was rather homogeneous. In addition, it is unlikely that previous ACTH treatment influenced the unusual hormonal response of these infants: ACTH had been given to 4 of the 6 infants a minimum of 2 months earlier. However, any long-term effects of ACTH on the infants' hypothalamicpituitary-adrenal axis would have emerged upon the first CRH antagonist infusion.
The mechanism for the apparent resistance of the patients to the second ·-helical CRH infusion is therefore obscure. A potential explanation may involve a rapid upregulation of CRH receptors in IS infants by the first administration of the antagonist, i.e. by the transient absence of the ligand, CRH.
The implications of this perturbation of CRH receptor regulation for the pathophysiology of IS are unclear but are in support of other abnormalities of the CNS CRH-ACTH axis demonstrated in these infants [2, 42, 43, [53] [54] [55] .
In summary, administration of ·-helical CRH to infants with IS demonstrated that peptide analogs of CRH do not cross the BBB and their effects on peripheral stress hormones are transient and benign. Nonpeptide compounds that reach CNS receptors are required to test the hypothesis that blocking CRH receptors may ameliorate IS and their cognitive consequences.
